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Compact femtosecond electron diffractometer with 100 keV electron
bunches approaching the single-electron pulse duration limit
L. Waldecker,1, a) R. Bertoni,1 and R. Ernstorfer1, b)
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Berlin, Germany.
We present the design and implementation of a highly compact femtosecond electron diffractometer working
at electron energies up to 100 keV. We use a multi-body particle tracing code to simulate electron bunch
propagation through the setup and to calculate pulse durations at the sample position. Our simulations
show that electron bunches containing few thousands of electrons per bunch are only weakly broadened by
space-charge effects and their pulse duration is thus close to the one of a single-electron wavepacket. With our
compact setup we can create electron bunches containing up to 5000 electrons with a pulse duration below
100 femtoseconds on the sample. We use the diffractometer to track the energy transfer from photoexcited
electrons to the lattice in a thin film of titanium. This process takes place on the timescale of few-hundred
femtoseconds and a fully equilibrated state is reached within one picosecond.
I. INTRODUCTION
The ultrafast dynamics of matter after photoexcita-
tion are governed by the interactions of electrons, nuclei
and spins. High excitation levels can induce phase tran-
sitions or drive exotic non-thermal processes, whereas
weak excitations can be regarded as perturbations of the
equilibrium state. Time-resolved experiments using the
pump-probe scheme allow studying these photo-induced
processes on their fundamental time-scale. Optical-
and photoemission experiments indirectly or directly
measure electronic properties1, whereas the evolution
of the atomic structure can be probed by short x-ray
or electron pulses. These techniques directly measure
atomic order and combine femtosecond temporal- with
subatomic spatial resolution.
While high-flux x-ray sources require large scale facil-
ities, such as free-electron lasers or synchrotons, the
development of femtosecond electron diffraction (FED)
experiments has led to very compact table-top setups
capable of visualizing phenomena like lattice melting2,3,
melting of a charge density wave4, structural changes
related to a metal-insulator transition5 and breathing
motion of thin films6.
Despite a lot of ongoing development, time-resolution of
electron diffraction experiments has so far been limited
by electron bunch durations on the sample position,
which typically ranged from few picoseconds in early
setups7,8 to few-hundreds of femtoseconds in some
recent designs9,10. Whereas calculations have shown
that short pulse durations are easily achievable for
single-electron pulses11, it remains a challenge to achieve
short bunch durations with a higher number of electrons.
The repulsive coulomb-interaction between electrons
leads to their spatial separation during propagation,
what translates to temporal broadening of the electron
bunch12. Schemes for reversing the typical linear
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momentum spread and compressing electron pulses have
been proposed13–15 and a scheme using a radio frequency
cavity has been implemented recently16–18. Up to now,
time resolution in those experiments is limited due to
jitter in the synchronization of RF-cavity and the laser
pump pulses16,17.
In this paper we present a setup for ultrafast electron
diffraction that aims at minimizing electron propagation
distances and therefore circumvents the need of a com-
pression scheme. We present simulations that suggest
that, with the geometry at use, we are able to get elec-
tron pulses of around 100 fs at the sample position for
103 - 104 electrons per pulse. To demonstrate the capa-
bilities of our setup, we measure the time-constant of the
lattice heating of titanium following photo-excitation.
We show that the energy transfer from electrons to the
lattice takes place on the timescale of 350 femtoseconds
and a thermalized state is reached within one picosecond.
II. FEMTOSECOND ELECTRON DIFFRACTION SETUP
The ultrafast electron diffractometer is based on a
pump-probe measurement scheme. A femtosecond laser
pulse is split into two parts. The pump pulse excites the
thin film sample under study and its structure is probed
by a transmitting electron pulse which diffracts off it.
Electron probe pulses are created by photoemitting
electrons from a thin metal film by the same laser and
are accelerated in a static electric field. Pump and probe
pulses are therefore intrinsically optically synchronized.
Figure 1 shows a schematic of the table-top electron
diffractometer. The output of a Ti:sapphire amplified
laser system (1 mJ / 30 fs) is split into a pump- and
a probe arm. The probe-arm drives a non-collinear
optical parametric amplifier (NOPA)19 that produces
pulses of 30 fs pulse duration tunable in the visible
spectral region. Its output is used to photo-emit
electrons from a photocathode in a two-photon process.
Subsequently, the created electron pulse is accelerated
in a static electric field created by the voltage difference
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FIG. 1. Schematic of the experimental setup for femtosecond
electron diffraction (detailed explanation in text).
between the photocathode and the grounded anode. The
anode-cathode distance being 8 mm, the field strength
at the maximum voltage of 100 kV reaches 12.5 MV/m.
With the field for vacuum break-through of a perfectly
homogeneous surface being on the order of 20 MV/m20,
care had to be taken in the design of the cathode/anode
assembly as well as in the quality of the surfaces of all
parts of the electron gun to avoid field emission and
arcing. The shape of the cathode is an approximation
to the shape of the uniform field electrode described by
Bruce21. A flat, 5 mm diameter sapphire plate is fitted
in a hole in the center of the cathode and the assembly
is then coated with a 20-30 nm thick gold film. The
electrons are emitted from this thin film by illuminating
the photocathode from the back side with the output of
the NOPA. Since transverse and longitudinal coherence
in the electron bunch increase for lower excess energy
in the emission process22, the central wavelength of the
NOPA is chosen to be just above the work function
of the gold cathode. The Schottky-effect lowers the
effective work function by roughly ∆W ≈ 130 meV at
100 kV and it is found to be approximately 4.4 eV. The
anode is built out of a polished 4 inch Si-wafer with
a 150 µm diameter hole in its center, through which
the accelerated electrons leave the gun and propagate
towards the sample.
The diffraction experiments are performed in transmis-
sion geometry. Therefore, thin samples are required with
typical thicknesses that range from few atomic layers to
less than 100 nm. We use standard TEM-grids as well as
specially designed grids for large area samples allowing
for single-shot studies of irreversible processes23. The
samples can be translated in three dimensions with
a motorized xyz-translation stage, and tip and tilt
angles can be controlled by two additional motors. The
distance of the sample to the gun can be varied, with
the minimum distance of the sample to the anode being
2 mm. This makes the entire propagation distance of
the electron bunch from cathode to the sample as short
as 10 mm.
In contrast to early designs24, the electron pulse diffracts
off the sample without going through a focusing element
beforehand. We employ an FED layout introduced
recently25 where the diffracted electrons are focused
onto the detector with a magnetic lens only placed
behind the sample. This design significantly decreases
the electron bunch propagation distance and avoids
temporal distortions induced by the magnetic lens
itself26. The position of the lens is controlled by a
three-axis manipulator, with which we place the lens
approximately 5 cm behind the sample. The lower
limit of the transverse coherence length of the electron
bunches on the sample is estimated to be 4 nm by
comparison of the peak width to peak separation27 of a
standard diffraction sample (32 nm Al, Plano GmbH).
This configuration additionally enables imaging the
sample on the detector, which allows for easy sample
positioning and characterization. Diffraction patterns
and magnified real-space images are detected with a
commercial electron camera (TVIPS TemCam F416),
capable of every-electron detection.
The pump pulses are sent over a delay stage that changes
the relative arrival time of pump and probe, and is then
focused onto the sample. In our compact design, the
pump pulses hit the sample from the opposite side as the
probe. As samples are very thin, the excitation profile
in the sample is homogeneous for most materials and
differences in arrival time due to counter-propagating
pulses can be neglected. The angle of the pump pulses
with respect to electron propagation axis is kept small
(below 5 degrees) to reduce degradation of the temporal
resolution to below 30 fs. The photocathode potential
is stable to 10−5 of the maximum voltage (power
supply: Heinzinger PNChp 100000), and jitter in arrival
time of electron pulses is approximately one femtosecond.
III. SIMULATION OF ELECTRON PULSE
PROPAGATION
The interaction of electrons via Coulomb forces makes
the description of the propagation of multi-electron
pulses a non-trivial problem. Here, we use a fully
relativistic multi-body particle tracing code (general
particle tracer (GPT), Pulsar Physics) that includes
full particle-interactions to simulate the propagation of
a bunch of charged macroparticles through our setup
and discuss how experimentally accessible parameters
influence the pulse duration at the sample position. We
give the electron pulse duration as approximate FWHM,
calculated as 2.35 times the standard deviation of the
arrival times of electrons at the sample. We find that
using 1000 macro-particles is sufficient for converged
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FIG. 2. Results of the GPT simulation. a) Electron bunch duration as function of laser pulse duration and number of electrons
per pulse (red: one electron, blue: 103 to 104 electrons in steps of 103, light to dark). b) Electron bunch duration on the sample
as function of electron number for laser spotsizes of dl = 25 (light), 35, 50 and 70 µm (dark). c) Electron bunch duration
as a function of laser spotsize and different numbers of electrons per pulse (colors as in a)) d) transversal (red dashed) and
longitudinal (blue) FWHM bunch sizes for 103, 5 ∗ 103 and 104 electrons (light to dark).
simulations of the propagation of pulses containing up
to 104 electrons. The macro-particles are created at
different simulation times around zero with a Gaussian
temporal distribution of FWHM τl. They enter a static
electric field of 12.5 MV/m, created by two flat surfaces,
the anode containing a hole of 150 µm diameter. The
electron bunch is assumed to have Gaussian distribution
of particle density in both transverse directions, with
an initial width of dl. Each particle is assigned an
energy and momentum at creation. The momentas
directions are distributed uniformly on a half-sphere in
forward propagation-direction. Energies are assumed to
follow a Gaussian distribution as expected for electrons
photoemitted by a laserpulse with a Gaussian spectrum.
Its width is calculated from the laser pulse-length τl by
assuming the pulse to be Fourier-limited. To account for
inhomogeneities of the photocathode, we convolute this
energy with a Gaussian distribution of 100 meV width
and obtain ∆Einitial = ((0.44 ∗ h/τl)2 + 0.12)1/2. The
center of the distribution is one sigma above zero.
The duration of single-electron pulses depends on emis-
sion bandwidth ∆Einitial, laser pulse length and the elec-
tric field in the acceleration region. For a given field
strength, there is a tradeoff between bandwidth and
laser pulse duration and the shortest electron pulses are
achieved for a specific time-bandwidth combination11.
Pulses containing more than one electron acquire an ad-
ditional energy spread during their propagation due to
Coulomb interactions between the particles. The depen-
dence of electron pulse length at the sample position,
i.e. at a distance of 10 mm from the cathode, on elec-
tron number and laser pulse duration, calculated with
the GPT code, is shown in figure 2 a). The upper axis
has been added to show the effect of photoemission in a
two-photon process (two photon photoemission, 2PPE)
as used in our laboratory. The effective pulse length is
lowered by a factor of
√
2 due to the nonlinearity of the
process, whereas the bandwidth is increased by the same
factor, what results only in a shift of the abscissa. The
laser spot size dl was chosen to be 50 µm (1PPE), cor-
responding to 71 µm (2PPE), close to the typical exper-
imental value. The considered range of one to 104 elec-
trons corresponds to the experimentally accessible range
with our setup.
Simulations without space charge (red dashed curve)
qualitatively reproduce the expected shape of the ana-
lytical expression11. Pulses containing more than one
electron follow similar curves (blue lines), with pulse du-
rations shifted to higher values for higher electron num-
bers. For our experimental parameters, the overall space-
charge induced broadening of the pulselength is 10% for
a pulse containing 103 electrons and 100% for 104 elec-
trons.
Figures 2 b) and 2 c) show the dependence of bunch
duration at the sample position on electron number per
bunch and laser spot size calculated with our N-body par-
ticle tracing simulation for the optimal laser pulse length
(τl,1PPE = 25 fs). A sublinear dependence of bunch dura-
tion with electron number is found. Increasing the spot
size on the photocathode results in a reduction of elec-
tron bunch duration on the sample. Even though in-
creasing the bunch diameter is advantageous for having
short bunch durations, there are practical limits in in-
creasing the electron beam size, e.g. increasing temporal
mismatch of non-collinear pump and probe pulses and
finite sample sizes.
Several analytical models describing electron bunch prop-
4agation have been proposed in recent years12,28. We
find a qualitative agreement of our simulations with the
predictions of these models for small electron numbers
per pulse, but deviations for higher electron numbers.
A quantitative comparison is difficult even for low elec-
tron numbers, because of the geometrical assumption of
a cylindrical bunch shape in the analytical models.
The models assume that transversal distances between
electrons directly after emission are typically much big-
ger than distances in longitudinal (propagation) direction
(rb ≫ l). Figure 2 d) shows longitudinal and transver-
sal bunch diameters during the propagation through the
setup. Both change dynamically, opposed to the as-
sumptions of the models. Especially, passage of the elec-
tron bunch through the anode changes the divergence of
the bunch, because of the hole acting as an Einzel-lens.
For higher electron numbers, longitudinal and transversal
bunch sizes become comparable in magnitude in conflict
with the assumption rb ≫ l of these models. This illus-
trates the importance of using multi-body simulations for
the accurate calculation of the propagation of femtosec-
ond electron bunches.
IV. MEASUREMENT OF THE ULTRAFAST LATTICE
HEATING OF TITANIUM
We demonstrate the capabilities of the FED setup by
measuring the time-constant of the energy transfer from
excited electrons to the lattice in titanium. The sample
used is a 30 nm thick film of polycristalline titanium that
was grown on a NaCl single crystal and then transferred
onto a standard TEM-grid. We used the fundamental
of the amplified laser system at an incoming fluence of
4 mJ/cm2 to excite the sample. The intensity of the
NOPA was adjusted to photo-emit about 1000 electrons
per pulse.
In figure 3 a) the radial average of titanium is shown,
obtained by angularly integrating the two-dimensional
diffraction image shown in the inlet. The image is
integrated over 2500 pulses and a background has been
fitted and subtracted from the radial average.
We fit the peaks with pseudo-Voigt line-profiles to
determine their position and intensity. The resulting rel-
ative change of intensity of three selected Bragg-peaks as
well as the relative change in the integrated background
intensity is plotted as a function of pump-probe delay
in figure 3 b). The data is averaged over 30 scans, each
integrated for 5 s per delay point at a laser repetition
rate of 500 Hz. The solid lines are single-exponential fits,
convoluted with a 100 fs FWHM Gaussian function to
account for our expected time-resolution, based on the
experimental parameters and the simulations of the elec-
tron pulse duration. Immediately after photoexcitation,
energy is transferred from electrons to the lattice, which
tend towards a new thermal equilibrium at an elevated
new temperature Tfinal. At this new temperature, the
0.2 0.4 0.6 0.8 1 1.2 1.4
0
1
2
3
4
5
6
Scattering vector
In
te
n
s
it
y
 [
a
.u
.]
−1000 0 1000 2000 3000
0.97
0.98
0.99
1
1.01
Delay [fs]
R
In
te
n
s
it
y
 [
r.
u
.]
e
la
ti
v
e
a) b)
FIG. 3. (a) Radial average and raw diffraction image of
titanium. In the radial average, a background has been
subtracted. (b) Relative peakheight of three selected peaks
(squares) and of the integrated background (circles) with re-
spect to negative time delays.
Debye-Waller factor and therefore the relative height
of the peaks is decreased due to a bigger mean square
displacement
〈
u2
〉
of the atoms around their equilibrium
positions. At the same time the background is increased
due to inelasticly scattered electrons. The fits yield a
timeconstant τ = 360 ± 31 fs for the decrease of the
peaks, and a simmilar timeconstant of τ = 315 ± 45
fs for the increase of the integrated background. The
new equilibrium is reached within one picosecond, after
which the peakheights stays constant in our measure-
ment range of several tens of picoseconds but recover
on the timescale of the 500 Hz repetition rate of our laser.
V. CONCLUSION
We have implemented a table-top femtosecond electron
diffraction setup that follows the approach of miniatur-
izing propagation distances of electron probe pulses to
minimize broadening caused by vacuum dispersion and
Coulomb-repulsion. The diffraction setup works at elec-
tron energies up to 100 keV. We have performed multi-
particle simulations which suggest that electron pulse du-
rations on the sample can be as short as 60 fs for single-
electron pulses. Increasing the number of electrons per
pulse to 103 does broaden pulses by only 10% and pulses
with up to 5 ∗ 103 electrons can have pulse durations
below 100 fs. Since there is no synchronization needed,
our time resolution is close to the electron bunch du-
ration. To our knowledge, this is the first setup with
multi-electron bunches allowing for time-resolution less
than 100 fs. We have demonstrated the capabilities of
our setup by measuring the ultrafast dynamics of the lat-
tice heating of titanium, caused by photoexcitation with
a femtosecond laser pulse and the subsequent interaction
of electrons and phonons.
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